Voltage-activated calcium currents (I Ca ) are one way by which calcium influx into neurons is mediated. To investigate changes in kinetic properties of I Ca during neuronal development and to correlate possible kinetic changes with specific differentiation processes, the I Ca of retinal ganglion cells (RGCs) was recorded with the perforated patch-clamp technique in rat retinal slices and in whole mounts at different prenatal and postnatal stages.
I Ca density increased between embryonic day (E) 20 and the adult stage, paralleled by a shift in activation of the -conotoxin GVIA-sensitive I Ca toward more negative membrane potentials. Furthermore, developmental alterations were observed in I Ca inactivation rate during a 120 msec test pulse and in steadystate inactivation of I Ca . The most striking feature in I Ca kinetics was a transient slowing of calcium current deactivation, which peaked at postnatal day (P)3-5 and affected all I Ca subtypes.
Although the shift in activation and the decreased inactivation rate of I Ca can be explained by differential regulation of distinct calcium channel subtypes, it is more likely that a more general alteration of the cells' functional state was the underlying factor in alterations in steady-state inactivation and current deactivation of I Ca .
Alterations in the -conotoxin GVIA-sensitive and the toxinresistant currents temporarily coincide with dendritic differentiation, and it is tempting to speculate about their role in network formation in the inner retina. In contrast, alterations in steadystate inactivation and current deactivation may be involved in the regulation of RGC survival, because they occur during the period of programmed cell death in the ganglion cell layer.
In conclusion, distinct time windows of alterations in calcium channel properties were found, and this study has provided a basis for performing functional assays to clarify in detail the developmental process to which these alterations are related.
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Calcium ions have a key regulatory f unction for many neuronal pathways of the C NS. Intracellular calcium has been shown to play a crucial role in regulating proliferation, cell migration, and neurite outgrowth (for review, see Doherty and Walsh, 1994; Gu et al., 1994; Kocsis et al., 1994; Takuwa et al., 1995) , as well as in processes of neuronal plasticity (Mattson and Barger, 1993) and natural cell death (for review, see Orrenius and Nicotera, 1994; Wolszon et al., 1994) .
Neurons possess complex systems for regulating intracellular calcium levels, including voltage-activated calcium channels in the plasma membrane. It has been shown that activation of intracellular processes that affect distinct developmental events depends on the type of channel through which calcium enters the cell (Collins et al., 1991; Komuro and Rakic, 1992) . Knowing which types of calcium channels are expressed during the development of a distinct neuron and what their f unctional characteristics are is therefore important for an understanding of the role of calcium currents in differentiation processes in neural tissues in vivo and the correlation between f unctional development and neuroanatomical differentiation.
The mammalian retinal ganglion cell (RGC) provides a particularly attractive model for such investigations, because the morphological development and connectivity of this cell type have been well described (Potts et al., 1982; Bunt et al., 1983; Perry et al., 1983; O'Leary et al., 1986) . To date, not much is known about alterations in calcium current expression and kinetics during the development and maturation of RGCs. However, it seems appropriate to link alterations in calcium channel properties with distinct events in RGC development, because, for example, neurite outgrowth and RGC survival depend for a restricted developmental period on neurotrophic factors (Castillo et al., 1994; Cohen et al., 1994; Cui and Harvey, 1994; Meyer-Franke et al., 1995) . These factors have been shown in various tissues to act by the modulation of kinetic properties of voltage-activated calcium channels (Eschweiler and Bähr, 1993; Levine et al., 1995a; Tanaka and Koike, 1995) . Most previous studies on voltage-activated calcium channels in RGCs were performed mainly in cell cultures and restricted to only one distinct developmental stage (Lipton and Tauck, 1987; Karschin and Lipton, 1989; Ishida, 1991; Kaneda and Kaneko, 1991; Guenther et al., 1994a; Liu and Lasater, 1994; Bindokas and Ishida, 1996) . Rörig and Grantyn (1994) were the first to describe voltage-activated current expression in mouse RGCs in two different embryonic stages in retinal whole mounts, and Rothe and Grantyn (1994) investigated changes in the relative abundance of different types of calcium currents in mouse RGCs during the first 3 weeks of in vitro development.
In a previous study, we investigated in situ alterations in calcium current composition and the pharmacological properties of different types of calcium currents during prenatal and postnatal development in rat RGC s (Schmid and Guenther, 1996) .
The present study now describes for the first time developmental alterations in the kinetic properties of calcium currents during the whole period of RGC development in situ. It thus provides the basis for more sophisticated f unctional assays that will clarify the role of these alterations in developmental processes that are temporarily interrelated, such as RGC death, dendritic differentiation, and synapse formation.
MATERIALS AND METHODS
Preparation of slices and whole mounts. Postnatal retinal slices were obtained from pigmented rats (Brown Norway) between embryonic day (E) 15 and the adult stage [Ն postnatal day (P) 20]. After cervical dislocation and enucleation, the retinas were gently removed from the eye cups and kept in extracellular solution (ec1) on ice that was continuously bubbled with oxygen. For slice preparation, retinas were embedded in agar (2% in ec1) held at 39°C and immediately cooled on ice. A small agar block containing the retina was trimmed and glued to the stage of a vibratome (TSE). The stage was immersed in ice-cold ec1, and slices of 200 m were cut transversely. Before being used for recording, the slices were incubated in ec1 and continuously bubbled with oxygen for at least 1 hr at room temperature.
For preparation of embryonic retinal whole mounts, staged pregnant rats were anesthetized with ether and injected with an overdose of Nembutal. Embryos were quickly removed from the uterus and transferred into ice-cold ec1. After decapitation, the eyes were removed and reimmersed in ice-cold ec1. The retinas were dissected free and incubated in oxygenated ec1 at room temperature for at least 1 hr before recording. Embryonic retinas were not sliced, because retinal diameter was only 1-2 mm. Slicing of postnatal retinas was necessary because the layer of Müller glia endfeet and ganglion cell axons overlying the ganglion cell somata was too thick and sticky to be perforated by the patch-electrode in retinas from stages older than P6. To provide comparable conditions, all postnatal retinas were sliced.
Electrophysiolog ical recording procedure. For electrophysiological recordings, slices or whole mounts were transferred into a poly-L-lysinecoated recording chamber on a microscope stage (Z eiss Axioskop) and fixed with a small grid made of fine nylon strings tightened between a U-shaped platinum wire. The recording chamber was superf used with 1.5-2 ml of oxygenated ec1 per minute.
Patch pipettes were pulled out of borosilicate capillaries (Biologica). Pipette resistance was 3-6 M⍀ after heat-polishing. Pipettes were first front-filled for 10 sec with intracellular solution (ic) and thereafter backfilled with the same solution plus nystatin.
After sealing, light suction was applied, and the light of the microscope was switched off. Some minutes later, series resistance started to decrease. After reaching 15-25 M⍀, series resistance was usually stable and did not decrease f urther. C ell capacity and series resistance were then compensated, and recordings were started.
Recordings were made with an Axopatch 200 A amplifier at a sampling rate of 10 kHz using a low-pass Bessel filter of 2 kHz. Series resistance compensation was usually 60 -80%. The liquid junction potential was ϳ3 mV, and data were not corrected for it. The adequacy of space clamping was assessed by fitting a single exponent to the capacity charging current. C ells showing inadequate clamping were not included in the analysis. C ells were normally kept at a holding potential of Ϫ80 mV, and increasingly depolarized test potentials between Ϫ70 and 20 mV (in 10 mV steps) were applied for 120 msec at 10 sec intervals.
Data were displayed and stored for subsequent off-line analysis on an I BM PC. The commercial software program PCL AM P 6.0.2 was used for data acquisition and analysis, and Sigma-Plot was used for curve fitting and plotting.
Identification of retinal ganglion cells. C ells were chosen for recording according to their position in the ganglion cell layer and their soma size (Guenther et al., 1994b) . Only large diameter ganglion cells were selected. Because ␣-or type I RGC s have been shown to have much larger cell somata than displaced amacrine cells and other types of RGC s (Perry, 1979; Thanos and Mey, 1995) , we assume that we mainly recorded from this ganglion cell type. Other morphological criteria were inapplicable, because dendritic arborization, on which ganglion cell identification in adults is normally based, is immature in embryonic and postnatal stages ϽP10. Retrograde labeling of RGC s by injection of 2 l of the fluorescent dye DiI (25 mg /500 l DM F; Molecular Probes, Eugene, OR) into the superior colliculus of neonatal Brown Norway rats was occasionally performed and yielded a 100% correspondence with the identification made by soma size. Moreover, all cells that f ulfilled the size criteria showed substantially higher transient sodium inward currents than cells identified as displaced amacrine cells (except E15 cells, which do not express voltage-activated currents). This is a f urther indication that they were indeed RGC s.
Data anal yses. Time constants () were determined by fitting the single exponential f unction An*exp[Ϫ(t Ϫ K )/n] ϩ C to the data, where A is the amplitude relative to offset evaluated at the start of the fit region (n), C is the steady-state asymptote, and (t Ϫ K ) is the time [set to zero at the beginning ( K) of the fit region]. Fitting procedures were performed with PCL AM P routines using the noniterative Chebyshev technique and minimizing the sum-of-squared errors.
Time to peak (tp) was determined by measuring the time from the beginning of the depolarization until peak current was reached.
Grouping of postnatal developmental stages. Postnatal stages were grouped as follows: a neonatal stage P1-2, when the number of RGC s is still maximum; an early postnatal stage P3-5, when most of the RGC s die by programmed cell death (Potts et al., 1982; Schmid and Guenther, 1996) ; stage P6 -9, when programmed cell death of RGC s is greatly diminished, and the displaced amacrine cells have migrated to the ganglion cell layer (Perry et al., 1983) ; and P10 -12, when cell death is completed, and the size and complexity of dendritic trees are greatest before being extensively remodeled (O'Leary et al., 1986; Yamasaki and Ramoa, 1993) . Rats that had opened their eyes (P20 -27) were considered adult, because RGC s were now receiving f unctional input. For still unknown reasons, no stable recording conditions could be established between P13 and P19, and data from these stages were not included in the present study. Because experimental conditions were unchanged, we believe that this problem was not caused by the recording procedure but rather by the cellular membrane during the period of dendritic remodeling and eye opening around P16/17.
Solutions and drugs. Ec1 was used for preparation and maintenance of slices and whole mounts. It consisted of (in mM): NaC l 130, KC l 5, C aC l 2 2, MgC l 2 1, H EPES 10, and glucose 20, pH 7.4 adjusted with 1 M NaOH. For the isolation of calcium currents, ec1 was replaced with ec2, containing (in mM): choline chloride 110, KC l 5, BaC l 2 2, MgC l 2 1, H EPES 10, TEA-C l 20, 4-AP 0.1, and glucose 20, pH 7.4, adjusted with 1 M C sOH. Both solutions were held at room temperature and continuously bubbled with oxygen during the whole experiment. A short puff of tetrodotoxin (5 m; Sigma, St. L ouis, MO) was additionally applied by a superf usion pipette after solution exchange to accelerate sodium channel blocking.
The pipette solution (ic) contained (in mM): C s acetate 90, C sC l 2 40, MgC l 2 2, EGTA 10, and H EPES 10, pH 7.2, adjusted with 1 M C sOH. Nystatin stock solution (1 mg /10 l DMSO) was added to the ic to an end concentration of 50 M. The solution was sonicated for 15 min before being used. When stored on ice and strictly protected from light, the nystatin containing ic had to be renewed every 2-3 hr.
The separation of different calcium current types in rat RGC s was based on pharmacological properties (Guenther et al., 1994a; Rothe and Grantyn, 1994; Schmid and Guenther, 1996) . Drugs were applied by the six-barrel superf usion pipette in the following order: -conotoxin GV IA (5 M; Alomone Labs), which irreversibly block the N-type calcium channel, then nitrendipine (50 M; Bayer AG, Wuppertal, Germany) [or alternatively nifedipine (50 M; Sigma) plus diltiazem (50 M; Sigma), which together had the same blocking efficiency as nitrendipine] to block the remaining L -type calcium channel, and finally cadmium (1 mM; Sigma), as an unspecific calcium channel blocker to block the remaining toxin-resistant current. Additionally, -conotoxin M V IIC (2 m; Sigma) and -agatoxin IVA (100 nM) were applied in some experiments after dihydropyridine (DHP) application to test the sensitivity of the toxinresistant calcium current for these drugs. All drugs were diluted in oxygenated ec2.
RESULTS

Expression of voltage-activated calcium currents
As reported before (Schmid and Guenther, 1996) , voltageactivated calcium currents were expressed in RGCs from E17 on and were exclusively of a low-voltage-activating (LVA) type at this developmental stage (Fig. 1 A) . The number of RGCs expressing LVA currents decreased in subsequent stages, and no LVA current was detected in adult RGC s. LVA currents were not analyzed f urther in the present study. High-voltage-activating (HVA) calcium currents were expressed from E20 on (Fig. 1 A) . The peak amplitude and current density of total calcium currents increased from Ϫ26 pA (Ϯ5, n ϭ 6) and Ϫ16 pA /pF (Ϯ3, n ϭ 6) at E17 to Ϫ326 pA (Ϯ28, n ϭ 50) and Ϫ115 pA /pF (Ϯ9, n ϭ 50) in the adult stage, respectively (Schmid and Guenther, 1996) . The HVA current consisted of three pharmacologically distinct types: a -conotoxin GV IA-sensitive current, a DHP-sensitive current, and a toxin-resistant current type, which could not be blocked with any specific calcium channel blocker (Fig. 1 B) . The ratio of these current types did not significantly change during development except for a small decrease in -conotoxin GV IA-sensitive current between P11 and the adult stage; this was significant with p Ͻ 0.01 (Kruskal -Wallis test) (Fig. 1C) .
Developmental changes in current-voltage relations
To elicit H VA calcium currents, RGC s were successively depolarized for 120 msec to different membrane potentials between Ϫ70 and 20 mV in steps of 10 mV, starting from a holding potential of Ϫ80 mV. Figure 2 shows the current-voltage relation (I-V plot) of the calcium currents at different developmental stages. C alcium currents were elicited at E20 by depolarization positive to Ϫ50 mV, and the maximum calcium inward current was reached in all embryonic RGC s at a membrane potential of 0 mV (Fig. 2, F) . Depolarization to more positive membrane potentials resulted in a decrease of the calcium current amplitudes, and calcium currents finally reversed around ϩ40 mV.
In subsequent stages, an increasing number of RGCs had a maximum total calcium current at membrane potentials of Ϫ10 mV, resulting in mean I-V plots with a maximum between 0 and Ϫ10 mV (Fig. 2, OE and ) . Adult RGCs, however, all showed a Figure 2 . Current-voltage relation (I-V plot) of peak I Ca from four different stages. The amplitude of peak I Ca increased, and the voltage of maximum I Ca shifted from 0 to Ϫ10 mV during development. The holding potential was always Ϫ80 mV, n ϭ 13 at E20, n ϭ 12 at P3-P5, n ϭ 10 at P10 -P12, and n ϭ 28 at the adult stage. Vertical bars indicate SE. Figure 1 . A, Calcium current (I Ca ) traces from three different developmental stages, elicited by depolarization from the holding potential of Ϫ80 mV to different membrane potentials between Ϫ70 and ϩ20 mV for 120 mV. The I Ca in RGCs of E17 is exclusively of the LVA type and is completely inactivated within 120 msec. The first HVA currents are expressed at E20. I Ca is almost completely sustained in adult RGC s. C alibration bars, 50 pA. B, Total I Ca of an adult RGC elicited by depolarization from Ϫ80 to Ϫ10 mV for 120 msec. The application of the specific N-type channel blocker -conotoxin GVIA and the L -type channel blocker nifedipine (a dihydropyridine) plus diltiazem reduced total I Ca , whereas application of the Q-type channel blocker -agatoxin IVA and -conotoxin M V IIC had no f urther effect on I Ca . The toxin-resistant calcium current was blocked by the unspecific calcium channel blocker cadmium. Calibration bar, 100 pA. C, Ratio of the -conotoxin GVIA-sensitive, the dihydropyridinesensitive, and the toxin-resistant calcium current subtype at different developmental stages. Values were determined by the percentage of peak calcium current at Ϫ10 mV that could be blocked by either -conotoxin GV IA or subsequent application of dihydropyridines or was toxin resistant. Only the decrease of the -conotoxin GVIA-sensitive current at the adult stage marked by an asterisk is significant (Kruskal -Wallis test, p Ͻ 0.01). For n see Table 1 . The number of different animals always exceeds n/2. Vertical bars indicate SE. maximum inward calcium current at a membrane potential of Ϫ10 mV (Fig. 2, ࡗ) .
The specific channel blocker -conotoxin GV IA and dihydropyridine were applied to clarif y which types of calcium currents are responsible for the developmental shift in the current-voltage relation. This is illustrated for an RGC at the stages P3-5 (Fig.  3A) and in the adult (Fig. 3B) . In embryonic and early postnatal RGCs, application of -conotoxin GV IA resulted in a shift of maximum calcium current from the control value of 0 to Ϫ10 mV in all cells tested. In contrast, no shift was observed after application of -conotoxin GV IA in adult RGC s where the control value was already Ϫ10 mV (Fig. 3B) . Further application of dihydropyridines did not shift the I-V relation of calcium currents in any developmental stage. Moreover, application of dihydropyridines before that of -conotoxin GV IA had no effect on the I-V relation at any developmental stage (data not shown).
To confirm our suggestion that the developmental shift in maximum current-voltage is caused by a shift in the -conotoxin GVIA-sensitive calcium current subtype, the whole-cell calcium current after the application of -conotoxin GV IA was subtracted from the control calcium current for each RGC. The I-V relation of the resulting -conotoxin GV IA-sensitive subtype always revealed a maximum at ϩ10 mV at prenatal and neonatal stages, whereas it was at Ϫ10 mV in adult RGCs (Fig. 4 A) . Tail current analysis of the -conotoxin GVIA-sensitive currents are shown in Figure 4 B. The activation curves of whole-cell tail currents were fitted with the Boltzmann equation and revealed a shift in half activation of 12.5 mV from Ϫ7 mV at P3-5 to Ϫ19.5 in the adult.
Developmental alterations in activation kinetics of calcium currents
The time constant of activation ( ac ) and time-to-peak (tp) current values were determined (see Materials and Methods) to analyze activation kinetics for the different types of voltageactivated calcium currents. Both parameters were strongly voltage dependent at all developmental stages and did not significantly change during development at test potentials between Ϫ50 and Ϫ20 mV (Student's t test, p Ͻ 0.001). Figure 5 shows the mean time constants of activation and time-to-peak values of 12 adult RGCs before and after application of -conotoxin GVIA. Both parameters showed an increase for total calcium current within a potential range between Ϫ20 and 0 mV (Fig. 5, F) . This increase was caused by activation of the -conotoxin GVIA-sensitive current because it was abolished by blocking this calcium current subtype (Fig. 5, diamonds) . Thus the -conotoxin GVIAsensitive current is a slowly activating calcium current subtype compared with the other subtypes. This can be seen in Figure 6 , where typical examples for the total calcium current and the different isolated calcium current subtypes are shown for an adult RGC. Time constants of activation, tp values, and inactivation rates are indicated. The -conotoxin GVIA-sensitive current displayed markedly slower kinetics than the two other calcium current subtypes in all RGCs tested.
Inactivation of calcium currents
Calcium current inactivation rates in the present study indicated the percentage of maximum calcium currents that were inactivated at the end of a 120 msec test pulse. We found a significant decrease in calcium current inactivation rates during RGC development. The total calcium current inactivation rate was always near 100% at E17, when only transient LVA currents were expressed (Fig. 1 A) . In subsequent stages, mean inactivation rates at a test potential of Ϫ10 mV decreased significantly from 43% (Ϯ21, n ϭ 11) at E20/21 to 18% (Ϯ12, n ϭ 28) in adult RGCs (Student's t test, p Ͻ 0.001) ( Table 1) .
Pharmacological separation of different calcium current subtypes revealed large variations in the inactivation rates of the same current subtype in different RGCs of the same developmental stage, especially for the -conotoxin GVIA-sensitive and the dihydropyridine-sensitive calcium current type. The mean inactivation rates of the total calcium current and the three calcium current subtypes are shown in Table 1 . The lowest and highest inactivation rates are indicated in brackets. Interestingly, there are RGCs in which either the -conotoxin GVIA-sensitive or the DHP-sensitive current type was not inactivated at all, in contrast to RGCs in which both current types were partly inactivated. RGCs in which both current types showed no inactivation were not found. The mean rate of inactivation of the -conotoxin GVIA-sensitive or the DHP-sensitive calcium current subtypes showed no relation to RGC age (Table 1) .
In contrast, the toxin-resistant current subtype was always at least partly inactivated, and mean inactivation rates of this current type continuously decreased from 90% (Ϯ12, n ϭ 9) in Figure 3 . I-V plots of peak I Ca before and after subsequent application of -conotoxin GVIA and dihydropyridines from an RGC of P3-P5 ( A) and the adult stage ( B). Although the application of -conotoxin GV IA shifted the maximum I Ca from 0 to Ϫ10 mV in P3-P5, there was no shifting effect in adult RGC s or after the application of dihydropyridines. Note the different scales of the current amplitudes.
neonatal animals to 20% (Ϯ12, n ϭ 23) in adults ( Fig. 7; Table 1 ). We thus think that the toxin-resistant current is a likely candidatefor mediation of the decreased inactivation rate of total calcium current during development. The downregulation of the -conotoxin GVIA-sensitive current, however, may contribute a certain amount to this effect.
Steady-state inactivation
The steady-state inactivation of calcium currents at different developmental stages was investigated by depolarization to Ϫ10 mV for 120 msec from holding potentials between Ϫ100 and Ϫ10 mV, which were applied for 1.2 sec. Figure 8 shows the mean Figure 4 . A, The -conotoxin GV IA-sensitive I Ca during development. Mean I-V plots of the -conotoxin GV IAsensitive I Ca of RGCs at stages E20, P3-P5, and in the adult (n ϭ 5 for E20, n ϭ 14 for P3-P5, and n ϭ 18 for the adult). The maximum of the -conotoxin GV IA-sensitive calcium current shifted from ϩ10 to Ϫ10 mV between E20 and the adult. Vertical bars indicate SE. B, Tail current analysis of the -conotoxin GVIA-sensitive I Ca . The activation curves of the tail currents at different test potentials were fitted by the Boltzmann equation f( x) ϭ a/(1 ϩ exp((Va1/2 Ϫ Vm)/ k)). The membrane potential of half activation Va1/2 shifted from Ϫ7 mV at P3-P5 to Ϫ19.5 mV at the adult (n ϭ 14 for P3-P5 and n ϭ 18 for the adult). Vertical bars indicate SD. ac was determined by a single exponential function because multiple exponential functions did not reveal better fits. Values for mean tp (top) and ac (bottom) of the total I Ca (F) in adult RGCs decrease at larger depolarization and show a transient increase between membrane potentials of Ϫ20 and ϩ10 mV. This increase is eliminated by the application of -conotoxin GVIA (diamonds), indicating that the -conotoxin GVIAsensitive current, which activates at membrane potentials positive from Ϫ20 mV, is a slowly activating current subtype. Bars indicate SE. n ϭ 12, each stage. The inset in the bottom graph illustrates the determination of ac of an original whole-cell calcium current trace of an adult RGC at a membrane potential of Ϫ10 mV. The fitting region is indicated by two arrows. Figure 6 . Current traces of the different calcium current subtypes at depolarizations to a membrane potential to Ϫ10 mV. Current traces of an adult RGC before and after application of -conotoxin GVIA and subsequent application of dihydropyridines were subtracted to isolate the pharmacologically distinct calcium current subtypes (also see Materials and Methods). Time-to-peak (tp), time constant of activation ( ac ), and inactivation rates are indicated. In this example, 20% of the DHPsensitive calcium current inactivated, whereas the -conotoxin GVIAsensitive calcium current did not inactivate at all. In some other RGCs, the DHP-sensitive current did not inactivate or both current types partly inactivated.
steady-state inactivation curves for the total calcium current at three different stages and the original calcium current traces of an embryonic (E20) and an adult RGC. The separation of different calcium current subtypes with specific antagonists was not possible here because recovery of calcium currents was incomplete after a steady-state protocol. Steady-state inactivation curves were sigmoid in embryonic stages but showed a linear slope for holding potentials beyond Ϫ70 mV in postnatal RGCs (Fig. 8,  left) . This can be explained by the fact that the transient component of the total calcium current, which was more prominent in prenatal and neonatal stages ( Fig. 8, right ; Table 1 ), was inactivated almost completely at holding potentials between Ϫ70 and Ϫ50 mV, whereas the sustained calcium current component was inactivated only gradually between Ϫ70 and Ϫ10 mV, linear to the membrane potential.
Deactivation of calcium currents
To estimate deactivation kinetics of the total calcium currents, the deactivation time constant ( deac ) was determined by fitting a single exponential f unction to the calcium tail current at the end of the test pulse (Fig. 9A) . As shown in Figure 9B (squares), deac showed no voltage dependence in adult RGC s. The values for deac were ϳ0.4 msec at all membrane potentials tested, and there was only a small variation between different RGC s (Fig. 9C,  squares) . In contrast, values for deac were markedly higher in prenatal and early postnatal stages, especially at P3-5 (Fig. 9A,B) . Figure 9C shows the original values of deac for all RGCs investigated from stages P3-5 (OE) and the adult (Ⅺ). In most RGCs of P3-5, deac was increased, resulting in mean values of ϳ1.5 msec for membrane potentials positive to 0 mV, but single values ranged from 0.2 to 3.3 msec. Application of -conotoxin GV IA and f urther application of dihydropyridine had no significant influence on deac . For example, deac was 0.386 msec (Ϯ0.024; n ϭ 9) for the control current, 0.325 msec (Ϯ0.053; n ϭ 9) after application of -conotoxin GVIA, and 0.319 msec (Ϯ0.024; n ϭ 9) after additional application of dihydropyridine in adult RGCs at a test potential of 10 mV (not significant, paired Student's t test). This was also true for RGCs of P3-5. Thus the transient increase of deac in prenatal and neonatal stages, especially in P3-5, was caused not by the slow deactivation of only one calcium channel subtype but by the slow deactivation of all three calcium channel subtypes.
DISCUSSION
This study aimed at determining the time windows within which distinct alterations in calcium channel properties take place that might be relevant for processes of RGC differentiation and retinal wiring. The data acquired by this study thus provide a detailed description of the expression and kinetic properties of voltageactivated calcium channels in rat retinal ganglion cells during the whole period of development. On the basis of the results presented here, it will now be possible to perform more sophisticated functional analysis at distinct points of retinal development.
HVA calcium currents were expressed in RGCs from E21 on. Rörig and Grantyn (1994) showed an onset of HVA current expression in mouse RGCs from E18 on. This corresponds well with our data, because gestation in mice is 2-3 d shorter than in rats. A role of N-type calcium channels in migration processes as proposed by Komuro and Rakic (1992) can therefore be excluded, because rat RGCs migrate into the ganglion cell layer between E14 and E20 (Bunt et al., 1983) .
Perforated patch recordings of RGCs from prenatal to postnatal stages revealed several alterations in kinetic properties of whole-cell calcium currents: (1) an increase in total calcium current density; (2) a shift in the potential of peak -conotoxin GVIA-sensitive current from ϩ10 to Ϫ10 mV; (3) a decrease in the inactivation rate, probably attributable to the decrease in the toxin-resistant current inactivation rate; (4) a decreased steadystate inactivation for holding potentials beyond Ϫ70 mV; and (5) a transient slowing of deactivation kinetics of all calcium current types peaking at P3-5.
Alterations in current densities
An increase in the density of HVA calcium currents between onset of channel expression and adulthood has already been shown for many ion channels in different neuronal cell types and may be a common feature of ion channels during neuronal development. In contrast, the expression of LVA calcium channels was downregulated during RGC differentiation in rats. This has also been shown in sensory neurons and motoneurons of the chick (Gottmann et al., 1988 (Gottmann et al., , 1991 McCobb et al., 1989) , in amphibian spinal neurons (Barish, 1986) , in mammalian hippocampal neurons (Yaari et al., 1987) , and in rat dorsal root ganglion cells Original recordings of the toxin-resistant calcium current in a P2 and an adult RGC. During a depolarizing test pulse from Ϫ80 to Ϫ10 mV for 120 msec, the toxin-resistant calcium current inactivated almost completely at P2 (81%), whereas only 29% of the toxin-resistant calcium current was inactivated at the adult. (Lovinger and White, 1989) . A specific role of LVA currents in early neuronal development has therefore been proposed (Bertolino and L linàs, 1992; Spitzer, 1994) but cannot yet be related to distinct processes.
Alterations in kinetic properties
Along with the increase in total calcium current amplitude we found a shift in the current-voltage relation that was caused by a shift in the I-V relation of the whole-cell -conotoxin GVIAsensitive current toward more negative potentials. Such activation shifts have been shown for sodium currents (Park and Ahmed, 1991; Skaliora et al., 1993; and recently for calcium currents in acute isolated neocortex neurons of the rat (L orenzon and Foehring, 1995) . Because the activation of all calcium current types shifted in the latter study toward more negative potentials, the authors could not exclude systematic errors attributable to an increase in series resistance during development. In the present study, however, only the -conotoxin GV IA-sensitive current subtype showed a shift in I-V relation. Moreover, systematic errors were not responsible for the developmental shift in calcium current-voltage relation during RGC development, because series resistances were controlled and showed no developmental alterations. The restriction of this effect to only one specific calcium current subtype indicates a differential regulation of this current type during RGC development. This may be based on molecular alterations in one subunit or/and alterations in the subunit composition of the ion channel (see below).
A differential regulation of channel subunits may also have been responsible for the reduction in the inactivation rate of the toxin-resistant current between P10 and P12 and the adult. Interestingly, Rossi et al. (1994) reported kinetic changes of calcium currents in rat cerebellar granule cells during postnatal development and described a similar reduction in total calcium current inactivation rates from 50% to 10 -20%. Unfortunately, different calcium current subtypes were not pharmacologically distinguished in that study. The authors also described a developmental reduction of steady-state inactivation at a membrane potential of approximately Ϫ50 mV because of the reduction of the transient current component during development. Steady-state inactivation curves of calcium currents in cerebellar granule cells of P11 and P24 in that study showed a striking similarity to the steady-state inactivation curves in RGC s in our study at stages E20/21 and P3/5 or the adult (Fig. 7) . These kinetic alterations may therefore reflect a more general feature of maturing neurons.
Because both the activation shift of macroscopic current and the decrease of inactivation rate of I C a be related to specific calcium channel subtypes, it would be interesting to know whether these alterations are determined by alterations in the molecular organization of these channel subtypes. The single-cell RT-PCR method provides a powerful tool for that kind of analysis .
Another important finding of the present study was the transient slowing of calcium current deactivation in the embryonic and neonatal stages. To exclude systematic errors, other parameters such as series resistance, I-V relation of voltage-gated currents, amplitudes, and the adequacy of space clamp were checked for all cells and showed no significant deviations from mean values. To our knowledge, this is the first time that transient alterations in kinetic properties of ion channels during neuronal differentiation have been described in situ. Most previous studies compared only two clearly distinct developmental stages, and transient kinetic alterations were thus probably not detected previously (Park and Ahmed, 1991; Skaliora et al., 1993) ; however, they cannot be excluded for other developing neurons.
Because all subtypes of voltage-activated calcium currents showed this transient slowing of deactivation, a general mechanism that originates somewhere in the cell metabolism may cause this alteration rather than a differential regulation of ion channel subunits. Interestingly, the slowing of calcium current deactivation coincides with the slowing of voltage-activated sodium current kinetics , a process that results in broader action potentials and a larger sodium ion influx. Because sodium currents have been shown to play a crucial role in the formation and refinement of retinotectal projections (O'Leary et al., 1986; Wong et al., 1993; Olson and Meyer, 1994) , it is an attractive idea that differential tuning of sodium current activity determines the wiring of retinotectal projections.
The interpretation of the slowing of calcium current deactivation during the same period of development is much more difficult. Slow current deactivation as well as the described shift of the -conotoxin GVIA-sensitive current, the reduction in steadystate inactivation, and the inactivation rate lead to an increase in calcium ion influx. It remains to be determined by calcium imaging experiments whether these kinetic alterations all lead to a rise Figure 8 . Steady-state inactivation of I Ca at different developmental stages. A test pulse to 0 mV was applied from holding potentials varying from Ϫ100 to Ϫ10 mV. The peak current amplitudes of each cell were standardized to the maximum calcium current. The I-V plot shows the mean standardized current amplitude for E20 (n ϭ 10), P3-P5 (n ϭ 5), and adult (n ϭ 5) with SE (left). A large fraction of total I Ca in E20 inactivated between Ϫ70 and Ϫ50 mV, whereas in the other stages steady-state inactivation was nearly linear to voltage. The original current traces (right) show that the strong inactivation between Ϫ70 and Ϫ50 mV at E20 was caused by the inactivation of the transient current component. There are large capacitive currents at the beginning and end of the test pulses because they could not be compensated at this pulse protocol. of intracellular free calcium, which in turn could trigger various differentiation processes, such as calcium release from intracellular calcium stores or gene transcription by calcium-regulated transcription factors (for review, see Gallin and Greenberg, 1995) .
Time windows of calcium current alterations
The shift of the -conotoxin GV IA-sensitive current and the reduction of the inactivation rate of the toxin-resistant current occur at the second postnatal week, which is a period of extensive dendritic differentiation and remodeling. Because an increase in intracellular calcium after voltage-dependent calcium channel activation has been shown to be crucial for neurite outgrowth in amphibian spinal cord neurons and rat dorsal root ganglion cells (Holliday and Spitzer, 1993; Kocsis et al., 1994) , the dendritic differentiation in RGCs might also be regulated by the activation of specific voltage-gated calcium channels. Immunocytochemical examination of the subcellular distribution of the -conotoxin GVIA-sensitive and the toxin-resistant calcium channel during this specific time period could give further insights into their possible role in dendritic differentiation processes.
In contrast, the alterations of steady-state inactivation and deactivation time constants of I C a cannot be related to a specific calcium channel subtype and occur mainly in the first postnatal week, the period of maximum programmed cell death (Potts et al., 1982) . Nearly 50% of RGCs die within the first 2 weeks of postnatal development because of apoptotic processes that have been shown to be triggered by elevated intracellular calcium levels [Wyllie (1980) ; for review, see Orrenius and Nicotera (1994) ]. This again points to the importance of calcium imaging experiments during this critical period of RGC development to analyze the relation between kinetic alterations described here and changes in intracellular calcium concentration.
There is evidence that those RGCs that did not make proper connections within their target tissue predominantly died because of a lack of neurotrophins (O'Leary et al., 1986; Cui and Harvey, 1995; Ma et al., 1998) . Interestingly, Levine et al. (1995b) described an increase of HVA calcium currents by neurotrophins, and Franklin et al. (1995) found that activation of voltageactivated calcium channels can substitute for trophic factors in promoting cell survival of neurons that would otherwise undergo programmed cell death. Thus there is evidence that voltageactivated calcium currents are involved in mediating naturally occurring apoptotic cell death, and the modulation of their kinetic properties by neurotrophic factors is one way in which this could occur. Because the slowing of deactivation and the reduction of steady-state inactivation coincidences with the period of natural cell death, it will also be necessary to investigate the effect of different neurotrophins on these kinetic properties of voltageactivated calcium currents.
In summary, the present study provided insight into the regulation of voltage-activated calcium channels during RGC differentiation and gives some ideas about their possible role in developmental processes within the retina. Because alterations of calcium channel properties occur almost exclusively within the first or second postnatal week, we conjecture that they are mainly related to either cell death or dendritic differentiation processes. When RGCs receive the first visual input at ages around P16 -18, the properties of calcium currents are already the same as in adult RGCs, indicating that the visual input does not provide any trigger for further developmental changes. 
